The combination of field investigation and hydraulic modeling is an effective tool to identify the causes of basement flooding. Field investigation (closed conduit televising) provides detailed information on conditions of the sanitary sewer system, while computer modeling assists in developing a better understanding of overall system performance by allowing an investigation of system response under a range of scenarios that may not be witnessed in the field. During the Livingston/James Sewer System Inflow and Infiltration (I/I) Project (City of Columbus, Ohio), over 700,000 linear feet or 130 mi (213,000 m or 213 km) of sanitary sewer was cleaned and televised, 273 homes were tested to identify the sources of I/I contribution. The information gathered from the field investigation was used as a resource for model calibration and quality assurance/quality control (QA/QC). Meanwhile, a hydraulic model (including sanitary sewers with diameter 8 in.
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(200 mm) and larger) was applied to quantify the impacts of operation and maintenance and system capacity deficiency.
By comparing the locations of deficient sewer carrying capacity with the patterns of historical water-in-basement (WIB) complaints, the authors summarized the causes of the complaints into two categories: system capacity deficiencies and localized insufficient operations and maintenance (e.g. roots, deposits, etc.) . Based on the causes, the recommended solutions include both system capacity improvements (replacement pipes, parallel relief pipes, etc.) and local solutions (back flow prevention devices, root treatment, cleaning, etc.).
This chapter discusses what the potential improvements would have been without routine sewer maintenance, and demonstrates that either field investigation or a modeling approach alone is insufficient to fully understand and identify wet-weather sanitary system problems. It is the combination of these two activities that may prove to be the best approach in understanding the collection system performance.
Project Background
The Livingston/James study area consists of 7,560 acres (3,060 ha) of mostly 1950s residential and commercial development, of which 4,800 acres (1,950 ha) are located in Columbus. The remaining area is divided between two smaller cities that discharge to the City of Columbus sanitary sewer system.
The City is aware of street, yard, and basement flooding; sanitary sewer surcharges; and sewerage overflows from manholes within the Livingston/James study area. During an exceptionally wet January 2005, the City received 439 basement flooding complaints in this study area alone. Figure 10 .1 shows the 7,560-acre study area and the 1,825 basement flooding complaints received between January 2000 and March 2005.
The purpose of the Livingston/James Sewer System I/I Remediation Project was to conduct a detailed study of the sanitary collection system to identify locations of sewerage overflows out of manholes, sanitary relief pipes, sewerage system surcharging, and sewerage backup into basements, and identify the causes of these occurrences. After identifying locations and causes, the project recommended cost effective improvements to the sanitary collection system to mitigate and/or eliminate these occurrences for selected design criteria.
The project comprised several tasks including cleaning and televising all sewers and inspecting all manholes in the area; investigating private and public I/I sources; investigating Maintenance and Service Requests in the study area over a 5 y period; and developing and applying a computer model for the area, which includes over 130 mi (210 km) of sanitary sewer eight in. (200 mm) in diameter and larger. 
Field Investigations
Extensive field investigations were conducted during this study to assess the condition of the Livingston/James sewer system and locate the inflow of stormwater and infiltration of groundwater into the sanitary collection system. Several methods of investigation were conducted to acquire the knowledge necessary to present efficient and cost effective solutions to remediate I/I as well as solve structural and operations and maintenancerelated problems within the sewer system. These methods include sewer cleaning and closed circuit television (CCTV) inspections; private source I/I studies; private lateral investigations; public source I/I studies; and "windshield surveys".
Sewer Cleaning and CCTV Inspections
More than 3,100 pipes and 700,000 lineal ft (213,000 m) of sanitary sewer pipe were cleaned, televised, and assessed during CCTV operations. Each pipe was assessed utilizing the NASSCO PACP (NASSCO Reference Manual 2003) standard coding system to thoroughly and accurately evaluate and code the construction features (taps, manholes, etc.), structural condition (cracks, holes, collapses, etc.) and operations and maintenance (O&M) defects (roots, debris, deposits, infiltration, etc.). The cleaning requirements specified that the system be returned to approximately 95% of its original pipe capacity. Figure 10 .2 shows the location of significant root intrusion (approximately greater than 20% blockage) within the study area and WIB complaints during years 2000-2004. It appears that roots are widely scattered in the system, which can be a reason for flow back-ups. The results also indicate a close correlation between roots and WIB occurrences throughout the system. However, some exceptional areas where WIB complaints are clustered did not have significant roots problems. For instance, within the circled area, repeated complaints occurred while no significant roots were found. In addition, 1,302 of the 3,180 pipes surveyed (41%) had no significant structural or O&M problem, and approximately 70% of the sewers are in good condition. However, basement flooding occurs across the entire area. Those results indicate that the structural sewer condition cannot explain all WIB complaints. Heavy sedimentation can also potentially cause significant blockage and flow backup and consequently cause basement flooding. Figure 10 .3 shows the location of heavy deposits found during cleaning and CCTV versus WIBs. For the Livingston/James study area, it appears that there is no strong relationship between WIB occurrences and observed heavy sedimentation.
Private Source Inflow/Infiltration (I/I) Investigation
To help identify the causes and magnitude of I/I, private source investigations were also performed. Five areas with high I/I and most concentrated WIBs were selected for the private source I/I investigation. A total of 273 houses were tested to determine the characteristics of houses that contribute stormwater inflow to the sanitary sewer system. Further investigation was performed to isolate the location of the leaks at houses that were identified as I/I contributors.
The houses were tested by discharging potable water onto roof and lawn areas at a rate of approximately 30 gallons per minute (gal/m) (1.9 L/s), which is approximately equivalent to the local runoff flow associated with a 10 y storm event. For all houses tested, 42% (116 houses) showed positive results. The average flow rate for positive tests was 4.3 gal/m (0.27 L/s). Houses not likely to produce I/I tend to be well maintained, have connected downspouts with open curb outlets, and good drainage away from the house. The most common characteristics of houses likely to produce stormwater inflow into the sanitary collection system include:
1. poor maintenance, 2. disconnected downspouts with poor drainage away from the house, 3. adverse graded driveways, 4. overflowing gutters, and 5. blocked curb outlets.
From the houses that tested positive, 33 houses were selected and permission granted by the homeowner/resident to perform a more detailed investigation. These investigations included:
1. rainfall simulation and dye testing, 2. CCTV of house laterals using a push camera, 3. lateral cleaning, if necessary, and 4. detailed photos, sketches, and homeowner interviews.
With the use of specialized CCTV equipment and repeating the dyetesting, the field inspections were able to determine the exact location where water was entering the sewer lateral. Since very few houses in the study area have sump pumps to remove the groundwater and stormwater near the house foundations, any groundwater or stormwater that reaches the foundation drains can enter the sanitary lateral either directly or indirectly depending on the plumbing connections.
I/I to the sanitary sewers via the house foundation drains was determined to be the most prevalent source of wet-weather I/I in the study area. The flow rates at each house were estimated visually and ranged from 1 to 15 gpm with an average of 7 gpm (0.4 L/s). The contributions of many houses within an area of similar I/I flow rates appear to be a significant cause of surcharging sewers and WIBs for the Livingston/James study area.
Public Source I/I Investigation
Storm sewers can also be a public-infrastructure source of I/I to sanitary sewers that are located nearby. Storm water can escape from defects in storm sewer pipes and junctions and then migrate through the soil and enter the sanitary sewer through various defects. This can occur in areas where the sanitary sewer crosses the path of the storm sewer, where both sewers run parallel to each other, or where storm and sanitary sewers share a common trench.
There are very few instances of storm and sanitary sewers in close proximity in the Livingston/James I/I Study Area. Most sanitary sewers are located in rear yard easements, while storm sewers are located in road rightsof-way. A limited public source I/I investigation was performed, however, to determine the extent to which these locations contribute to the total I/I observed from flow monitoring data. A sample of storm sewers that crossed or ran parallel to sanitary sewers were dye tested for evidence of storm sewer contributions to the publicly-owned sanitary sewer. A depression in the ground surface above a sanitary sewer mainline was also dye tested to investigate mainline infiltration caused by surface topography During this limited public I/I testing, no evidence was seen of infiltrating dyed water into the sanitary sewer in all three types of testing (sewer crossings, parallel sewers, or the mainline infiltration tests). Therefore public-source I/I from storm sewers was determined not to be a significant contribution of the total I/I within the study area.
"Windshield Surveys:" Basin-Wide Private I/I Assessment
Additional private-source I/I investigations were conducted to help develop a comprehensive understanding of stormwater contributions to the sanitary sewer system from private property and their characteristic properties. This information was applied to the entire study area through "windshield surveys" of each street in the 16 mi 2 (41 km 2 ) study area. A windshield survey consists of driving the entire length of every street within the area and documenting the general condition of the area with respect to disconnected downspouts, curb outlets, general maintenance and grading away from the houses. Collectively, these windshield surveys were used to determine the private source I/I potential for the study area.
The windshield survey proved to be a successful method for assessing the I/I potential of a residential area. Using the windshield surveys, ten flow meter basins were determined by the windshield survey to be of low potential for private I/I, nine were determined to be of medium potential, and five were determined to be of high potential.
Field Investigation Summary
Field investigation helped to explain the primary source and magnitude of I/I due to private property foundation drains, as well as the correlation between roots in sewers and WIBs. But field investigation alone did not explain all the WIB complaints, or why some of the complaints are clustered together while others appear relatively scattered.
Modeling
To better understand overall system performance and identify hydraulic constraints, a SWMM EXTRAN and RUNOFF model was developed using PCSWMM 2006 software. This model contains 2,897 conduits, including all pipes eight in. (200 mm) or larger in diameter, 2,865 junctions, and 2,082 catchments in 27 flow meter basins. The model was calibrated by adjusting sediment depth and Manning's n based on the sewer inspections, which provided better understanding of sewer conditions. The sediment depth ranged from zero to 5 in. (125 mm), and Manning's n ranged from 0.013 to 0.016 throughout the system. Then the model was applied to different design alternatives assuming that the system remains clean (Manning's n = 0.013). McGill et al (2006) described the model development in detail and Cheng et. al (2007) demonstrated the model calibration approach on how sewer inspection data were integrated into the calibration process to improve reliability and costeffectiveness. The calibration process accounted for approximately 43,000 sewer defects.
The calibrated model was applied with different synthetic design storms to evaluate the current system and alternative improvements to mitigate potential water-in-basement occurrences. Figure 10 .4 shows an example of current system potential surcharging and water-in-basement with a synthetic storm of 24 h duration and 10 y average reoccurrence interval.
Areas are considered to be hydraulic capacity deficient if the sewers are surcharged during the 10 y design storm based on the model results. It appears that the hydraulically deficient areas strongly correlate with the clustered WIBs. This indicates that the clustered complaints were most likely caused by system hydraulic capacity deficiency (Figure 10 .5).
However, not every single WIB matches the model's predicted WIB locations. The circled areas shown on Figure 10 .5 are examples where WIBs reoccurred historically but the model indicates the hydraulic conveyance capacity is sufficient, suggesting that field investigations need to be coupled with modeling results to fully characterize the system response. 
Combining Field Investigations and Modeling Results
Field investigation or modeling alone cannot completely explain the causes of WIBs. However, combining the two approaches proved to be the best solution for the Livingston/James study area. Combining the two approaches showed that in areas where no potential surcharging or WIBs are predicted, WIBs are more likely to be due to localized capacity constraints caused by operations and maintenance conditions (e.g. roots, heavy sediment deposits). For example, Figure 10 .6 shows the circled areas of WIBs outside of the capacity deficient areas correlate well with observations of roots and heavy sedimentation.
Combining modeling with field investigation also quantified the benefit of sewer cleaning. Using the model to simulate both the pre-and postcleaning conditions it was shown that cleaning the sewer system regained at least a 25% increase in conveyance capacity (Cheng et al, 2007) , which consequently reduced the cost of proposed system improvements to achieve the targeted level of service. Model simulations also identified zones of low flow velocity which helped to explain sewer maintenance and cleaning needs. Figure 10 .7 demonstrates that heavy sedimentation occurred in the low flow velocity zones. Such modeling results can be used to assist designing a more targeted cleaning and sewer maintenance program.
Impacts to Recommended Improvements

Prioritization
Recommended improvements for the Livingston/James study area were prioritized based on both modeling results and field investigations. First, sewer segments with severe structural deterioration were given the highest priority, and the proposed new sewers for increasing conveyance capacity were given secondary priority. As shown in Figure 10 .8, the pipe segments with severe structural deterioration such as collapsed pipes or broken pipes need to be replaced immediately. Figure 10 .8 also indicates the location of capacity improvements with sewer replacement or parallel sewer relief. It appears that there is no overlap between the severe structural deteriorated pipes and capacity-deficient pipes in this project.
The recommended capacity improvements were evaluated with several criteria to create a prioritized construction sequence that can be implemented as funds and resources are allocated. The key criteria used for prioritization are:
1. The existing level of service during wet-weather events.
The sewer system was modeled with 5-, 10-, and 25 y level of service. The sewer segments that surcharged for the 5 y 24 h design storm were assigned the highest priority while the sewers that surcharged for the 10 y design storm were assigned the second highest priority. 2. The magnitude of the capacity deficiency. If two equallysized sewers surcharge for the same design storm but one sewer required a larger increase, the pipe requiring the larger increase was given a higher priority (e.g. a 72 in. proposed pipe was given a higher priority than a 60 in. proposed pipe where both existing pipes are 48 in. in diameter). 3. The number of historical WIBs upstream from the sewer segment. Sewers associated with more historical WIBs than other sewer segments received a higher relative prioritization.
By using these three criteria, a prioritization category was assigned to each area of sewer improvements. Figure 10 .8 presents a map of the various new sewers with their respective prioritization category. This prioritization will allow the City to design and construct the sewer improvements in a sequence that blends with the funds and resources available over the next 10 to 20 y.
Combining Local and System Improvement Approaches
With system capacity improvements, some houses within the study area are still subjected to WIB occurrences. Such houses are located (i) close to a very shallow sanitary mainline sewer (i.e. the hydraulic grade line in the sanitary sewer can easily rise above the basement level and cause flooding in basements); or (ii) houses are located near sanitary sewers connecting to the lower half portion of the trunk sewer (i.e., such houses are more likely to have problems even though the trunk sewer is still under its conveyance capacity). For those case-by-case local problems, back flow preventing devices are needed to eliminate WIB occurrences.
